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ABSTRACT
DUAL-FREQUENCY OPERATION OE PROBE- 
FED RECTANGULAR MICROSTRIP ANTENNAS 
WITH SLOTS: ANALYSIS AND DESIGN
Özlem Özgün
M.S. in Electrical and Electronics Engineering 
Supervisor: Prof. Dr. M. İrşadi Aksun 
January 2001
Dual-frequency operation of antennas is essential for many applications in 
communications and radar systems, and there are various techniques to achieve 
this operation. Most dual-band techniques used in microstrip antennas sacrifice 
space, cost and weight. In this thesis, a simulation and design tool for dual­
band microstrip antennas, with slots on the patch and a single probe feed, is 
presented. This approach is based on the cavity model and modal-matching 
technique, where the multi-port theory is employed to analyze the effect of the 
slots on the input impedance. The results obtained by the simulation are 
verified with the experimental results. In addition, for design puiposes, a 
genetic algorithm is developed for the optimization of coordinates and 
dimension of slots in order to achieve desired frequency and impedance values 
for dual-frequency operation.
Keywords: Dual-frequency operation, cavity model, modal-matching 
technique, multi-port theory, genetic algorithm.
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ÖZET
ÜZERİNDE DELİKLER AÇILMIŞ MİL 
BESLEMELİ DİKDÖRTGEN KÜÇÜK-PARÇA 
ANTENLERİN ÇİFT BANDLI İŞLEYİŞİ: ANALİZ
VE DİZAYN
Özlem Özgün
Elektrik ve Elektronik Mühendisliği Bölümü Yüksek Lisans 
Tez Yöneticisi: Prof. Dr. M. İrşadi Aksun 
Ocak 2001
Çift bandlı küçük-parça antenler iletişim ve radar uygulamalarının önemli bir 
parçasıdır. Çift bandlı işleyişi elde etmenin birçok yöntemi vardır. Ancak bu 
yöntemlerle yer, ağırlık ve maliyet tasarrufu sağlanamamaktadır. Bu tezde tek 
elemanlı küçük-parça antenlerin üzerinde delikler açarak nasıl çift bandlı 
yapılabileceği yöntemi, boşluk modeli ve kip-eşleme tekniği kullanılarak 
verilmektedir. Deliklerin direnç üzerindeki etkisini incelemek üzere çoklu 
giriş-çıkış teorisi geliştirilmiştir. Daha sonra kuramsal sonuçlar deneysel 
sonuçlarla karşılaştırılmıştır. Son olarak belirli frekans ve direnç değerlerinde 
çift bandlı işleyişi sağlamak üzere deliklerin uygun yerlerini ve boyutlarını 
bulacak genetik algoritması geliştirilmiştir.
Anahtar Kelimeler. Çift bandlı işleyiş, boşluk modeli, kip-eşleme tekniği, 
çoklu giriş-çıkış teorisi, genetik algoritması.
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Chapter 1
INTRODUCTION
Microstrip antennas, which can be simply described as a conducting patch over 
a substrate backed by a ground plane, have received much attention since 
1970s. The concept of microstrip antennas was first introduced by Deschamps 
in 1953 [1], and it is followed by Gutton and Baissinot [2], who received 
patent in France for “Flat Aerial for Ultra High Frequencies” [3]. Following 
these introductions, Lewin investigated radiation mechanism from 
discontinuities in stripline [4]. However, until 1970, there was no study 
reported in the literature other than the report by Deschamps. In 1970, a 
conducting strip separated from a ground plane by a dielectric substrate was 
studied for its radiation properties [5]. This strip, which was half-wavelength 
wide and several-wavelength long, was fed by coaxial connections along two 
edges (radiating edges, defined in the following sections), and was used as an 
array. Then, in 1972, Howell published data on basic rectangular and circular 
microstrip antennas [6], and in 1973, a microstrip element was patented by 
Munson [7]. These initial studies inevitably instigated increasingly more
studies on printed antennas, mainly concentrated on the physical understanding 
of radiation mechanism and different applications, some of which are, namely, 
microstrip cylindrical arrays for sounding rockets [8], conformal microstrip 
array designs for aircraft and satellite applications [9], and low-profile flush- 
mounted antennas on rockets and missiles.
Increasing popularity of microstrip antennas in various applications 
brought a flurry of interest in accurate modeling and theoretical studies of 
these antennas. Therefore, as a first step, a rectangular microstrip antenna fed 
by a microstrip line at the edge of the patch was modeled as two microstrip 
lines with different characteristic impedances connected in series, and called as 
the transmission line model. Then, this model, consisting of two transmission 
lines, one of which models the feed and the other is open-circuited and models 
the patch, is employed to analyze such structures using the transmission-line 
theory with voltage and current waves [14, 15]. Following this, the radiation 
pattern of a circular patch antenna was studied by Carver [16], and in 1977, 
various microstrip patch shapes, such as rectangular, circular, semi circular, 
and triangular patches, were first analyzed by Lo et al. [17] via the resonant 
cavity approximation of the medium beneath the patch, so named the Cavity 
Model. Since then, this approach has been improved to account for shorting 
pins in the cavity and/or slots on the patch, and used extensively as the first 
step in the design of microstrip antennas [18-20]. Meanwhile, some advanced 
analysis techniques were reported by Derneryd [15, 21], Shen and Long [22], 
and Carver and Coffey [23]. In October 1979, the first international meeting 
related to microstrip antenna technology was held at New Mexico State 
University, Las Cruces [24]. Following these early activities, so many research
and application related studies have been reported and taken place in the last 
two decades. As a result of these studies, some methods based on the full-wave 
representation of printed circuits in multi-layer substrates have been developed 
and used in the design and analysis of microstrip geometries. As the earlier 
methods, transmission line and cavity models, are some kind of 
approximations, the full-wave methods are quite rigorous and accurate to 
predict the electrical characteristics of not only microstrip antennas but also 
any printed circuit, though they are computationally expensive. Even with this 
full-wave approach, incoiporating any vertical probes under the patch, used 
either for feeding or for short-circuiting, is not an easy matter as far as the 
computational complexity is concerned. Therefore, the use of the cavity model 
is still popular and useful for such geometries, just because it is inherently very 
suitable for vertical metalizations under the patch.
Today, with all these models, it is believed that the electrical 
characteristics and radiation mechanism of microstrip antennas are very well 
understood, and well analyzed analytically. With the recent flurry of interest 
into the wireless communication, like GSM-900 and GSM-1800 in Europe, 
wireless local area networks (WLAN) and future broadband 3G systems, 
microstrip antennas have seen a revived interest, mainly concentrated on the 
improvement of the bandwidth of microstrip antennas and on the design of 
multi-function operations. Multifunction systems in military applications 
provided much of the earlier impetus for aerospace antennas that share a 
common aperture, but more recently the commercial sector has been the 
driving force, notable in communications. For instance, a few examples of 
multifunction printed mobile antennas are:
■ Printed windscreen antennas for the reception of multiple band radio and TV 
broadcast stations in road vehicles.
■ Credit card pager antenna with facility for switchable polarization control.
■ Adaptive printed antenna elements and arrays mounted on land vehicles and 
aircraft for reception of Global Positioning Satellites and satellite 
communications.
The above examples also serve to emphasize how printed antenna technology 
has made possible new types of electronic systems in communications, radar 
and navigation; these systems would not be otherwise feasible with 
conventional antennas. Furthermore, when the antenna can also perform more 
than one task, this added value often makes a cost-critical commercial 
application viable.
Figure 1.1: General structure of a microstrip antenna without feed.
A basic microstrip antenna, also called patch antenna, is a resonant patch 
of metal on the surface of a grounded dielectric substrate with a thickness 
commonly very small in wavelength. It mainly consists of three layers: ground 
plane, dielectric substrate and microstrip patch. A typical structure of a 
microstrip antenna, without showing the feed geometry, is shown in Fig. 1.1, 
where a rectangular patch is used. Although the shape of the patch can be 
arbitrary, rectangular and circular ones are used commonly in practice. These 
geometries radiate power in a direction broadside to the plane of the antenna, 
and have input impedances similar to the parallel RLC resonant circuits at the 
operating frequencies [25,26].
1. Probe feed via hole 2. Microstrip-line edge feed 3. Slot feed
Figure 1.2: Common methods for feeding microstrip antennas.
Microstrip antennas can be fed in many different ways, among which the 
most common ones are shown in Fig. 1.2 [27]. The choice of the feeding 
structure is usually based on the simulation model at hand at the time of 
design, which accurately and inherently accommodate some specific feed 
geometries, like, for example, transmission line method is best suited for 
microstrip line feeds at the edge of the patch while probe feed (coaxial line
feed) is well incorporated into the analysis via the cavity model. Therefore, 
right after the transmission line model was introduced, most of the study on 
microstrip antennas employed microstrip line as the feed geometry, and with 
the introduction of the cavity model, researchers concentrated on the probe-fed 
microstrip antennas. Of course, each feeding geometry has its own advantages 
and disadvantages, and applications that are most suitable for it. For example, 
the intrinsic radiation of the probe feed is small and there is also a little 
coupling between the patch and the probe, contrary to the microstrip line feed, 
and these mechanisms can be neglected when the thickness of the substrate is 
small, as compared to the wavelength. However, the fabrication of the probe 
feed is complicated and costly, and the incorporation of feed boundary 
condition into the analysis is quite difficult. In microstrip-line edge feed, it is 
advantageous to have both patch and microstrip line feed to be printed on the 
same substrate, from the manufacturing point of view. However, this causes 
the design to be inflexible, and creates spurious radiation from the 
discontinuities. Finally, in slot feed, fabrication is simple, integration with 
devices is easy, and both patch and slot can be etched in one step. However, 
slot may cause stray radiation and, subsequently, deterioration of the front to 
back ratio, and limitation in large networks. In this thesis, only probe-fed 
rectangular patch antennas are analyzed and designed, with the help of the 
cavity model.
The reasons why microstrip antennas have gained considerable popularity 
in recent years can be attributed to the recent development in the wireless 
communications as mentioned above, and many unique attractive features of 
these antennas for such applications [26, 27]; namely, low in profile, compact
in structure, light in weight, conformable to non-planar surfaces, easy and 
inexpensive for mass production, and well suited for integration with feeding 
networks and microwave devices, especially with the modern MMIC 
technology. Despite these advantages, microstrip antennas have severe 
limitations in power handling capacity and in bandwidth unless thick 
substrates can be tolerated. Since the quality factor of thin microstrip antennas 
is high, they have small bandwidth and low radiation efficiency. If the 
thickness of the dielectric substrate is increased, the quality factor of the 
antenna reduces and thereby its bandwidth and radiation efficiency increase. 
However, as the thickness is increased, a phenomenon called as surface wave 
begins to appear and loss due to the surface wave increases. As the name 
implies, these waves are trapped to the surface of the substrate, and hence, 
scattered at dielectric bends and discontinuities of the substrate, consequently, 
they are difficult to control, and are considered as unwanted power losses. The 
other disadvantage of microstrip antennas, small bandwidth, can be considered 
as an advantage in some applications, if the antenna is used as a filter to 
eliminate unwanted frequency components. In addition, the bandwidth of a 
microstrip element with an external matching circuit can be increased even 
though the element has a high quality factor. As a recent trend, researchers 
have started to use thick substrates with low dielectric constants, like air or 
foam material, because, the surface wave contribution increases with the 
increase of the dielectric constant and the thickness of the substrate. In other 
words, there will be no surface wave for a patch hanging in free space backed 
by a ground plane. With this approach, the radiation efficiency and bandwidth 
of microstrip antennas can be increased without increasing spurious radiation.
Despite these disadvantages, though minor and surmountable, microstrip 
antennas are widely used in many applications in civilian and government 
systems due to their unique features. During the earlier years of microstrip 
antennas, they were mainly employed in military applications and space 
programs, such as, in military aircrafts, missiles, rockets, and satellites. 
However, during the last decade, the applications of microstrip antennas have 
also increased in the commercial sector of the industry as the cost of 
manufacturing process has decreased, and the design process has been 
simplified using newly developed computer-aided design (CAD) tools. 
Microstrip antenna applications are widely used in the areas of mobile 
communications, mobile satellite-based communications, the Direct Broadcast 
Satellite (DBS) system, and the Global Positioning System (GPS) [28]. The 
satellite-based GPS helps a user on the ground to determine his precise 
position. In addition, it is also used commercially for land vehicles, aircraft, 
and maritime vessels to determine their positions and directions. The DBS 
system provides television service to the general public in some countries. In 
addition to satellite communications, microstrip antennas are also used in 
many nonsatellite-based applications. They are used in commercial aircraft for 
the purposes of altimetry, collision avoidance, remote sensing, etc. They are 
also used for automobile collision avoidance systems and microwave sensing 
alarm systems. Microstrip antennas are also used in the area of remote sensing 
to determine ground soil grades, vegetation type, ocean wave speed and 
direction, and agriculture and weather prediction. In addition, they are used in 
medical area, where they are effectively used in medical hyperthermia to treat 
malignant tumors.
Many applications in communications and radar systems require microstrip 
antennas operating at two separate frequency bands, i.e. dual-frequency 
microstrip antennas. With the increase in wireless applications, compact and 
multi-frequency antennas have been highly desired. Dual-frequency microstrip 
antennas find wide applications in portable mobile communication systems, 
GPS, mobile satellite systems, and other transmitting and receiving antennas. 
For instance, GSM phones operating at 900 MHz and 1800 MHz use dual­
frequency microstrip antennas.
In the literature, particularly in recent years, many dual-frequency 
microstrip antennas were designed and reported. Wong et al. [29] designed a 
single-feed dual-frequency triangular microstrip antenna, in which a V-shaped 
slot was embedded, with a tunable frequency ratio ranging from 1.488 to 
1.834. Zürcher et al. [30] designed a dual-frequency, dual-polarization, four- 
port printed planar antenna featuring good isolation between ports. Zürcher et 
al. [31] also designed a dual-frequency, dual-port printed antenna with high 
decoupling between ports, and with relatively wide frequency bandwidths. In 
Japan, Kijima et al. [32] developed a dual-frequency base station antenna for 
cellular mobile radios operating at 800 MHz and 1500 MHz. Dual-frequency 
single-feed equilateral-triangular microstrip antennas were designed by Lu 
[33] by loading a bent slot of 60° close to each triangle tip with the frequency 
ratio ranging from 1.4 to 2.0, by Wong et al. [34] with a slit with the frequency 
ratio ranging from 1.201 to 1.563, and by Fang et al. [35] with a pair of narrow 
slots with the frequency ratio ranging from 1.35 to 1.5. In addition, dual­
frequency single-feed circular microstrip antennas were designed by Jan et al. 
[36] with an open-ring slot with the frequency ratio ranging from 1.23 to 1.32,
and by Wong et al. [37] with a pair of arc-shaped slots with the frequency ratio 
ranging from 1.38 to 1.58. Dual-frequency, single-feed patch antennas were 
also designed with two U-shaped slots by Guo et al. [38], with a circular slot 
by Chen [39], and with a pair of comb-shaped slots by Lu [40]. There are also 
many studies, in the literature, related to the dual-frequency operation of 
microstrip antennas.
This thesis is intended to provide some answers on how to design a dual­
frequency microstrip antenna with only a single element by cutting slots in the 
patch [41]. During this study, some theoretical findings on how to make 
microstrip antennas dual-band using slots in the patch are presented, with the 
help of the cavity model in conjunction with the multi-port analysis. The 
multi-port theory is employed to analyze the effect of slots on the input 
impedance and frequency characteristics. In addition, a genetic algorithm is 
developed to find the appropriate places and dimensions of slots in the probe- 
fed patch antenna in order to get desired impedance and frequency values for 
dual-frequency operation.
The organization of the thesis is as follows: First the cavity model is 
introduced in Chapter 2. Then, in Chapter 3, the theory on how to make 
microstrip antennas dual-band using slots is presented. It is followed by some 
theoretical results and comparison with the experimental results in Chapter 4. 
In Chapter 5, the genetic algorithm is presented, and the optimization results 
on how to place slots in the patch to achieve specific impedance and frequency 
values are given. Then, the thesis is concluded in Chapter 6.
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Chapter 2
CAVITY MODEL
The cavity model is capable of predicting the antenna performance accurately 
if the patch is not more than a few hundredths of a wavelength thick. It 
assumes that, for thin microstrip antennas, the field under the patch is almost 
the same as that of a cavity with appropriate boundary conditions. The cavity 
model provides much physical insight into the antenna characteristics, and 
handles a patch in any canonical geometry.
If an oscillating current is applied to a microstrip antenna, a charge 
distribution is established on the surface of the ground plane, and on the upper 
and lower surfaces of the patch as shown in Fig. 2.1 [26]. This charge 
distribution is affected from two opposing tendencies. First, there is an 
attractive tendency between opposite charges on the ground plane and on the 
lower side of the patch, by which the charges on the bottom surface of the 
patch are maintained. Second, there is a repulsive tendency between like
11
charges on the bottom of the patch, which tries to push the charges at the edges 
of the patch onto its upper surface. When the substrate thickness is very small 
compared to wavelength, the first one dominates and most of the charges on 
the patch is located on the bottom side. Therefore, most of the current flows on 
the lower side of the patch, while small amount of current flows around the 
edge onto its upper surface. This causes the magnetic field components 
tangential to the patch edge to be approximately zero. Thus, a perfect magnetic 
conductor (PMC') can be introduced along the patch edge. Consequently, the 
antenna can be replaced by a cavity to find the electric and magnetic field 
distributions under the patch.
+ ^Jt+ /  ^  patch - -
►Jb' ■ 
+ + +
ground plane
Figure 2.1: Charge distributions on the ground plane and on the upper and 
lower sides of the patch.
An enclosure completely surrounded by conducting walls is called a 
cavity, and has natural resonant frequencies. The cavity model treats the 
antenna as a thin cavity with very high impedance periphery walls, where the 
radiation occurs from the slot formed by the periphery of the antenna and the 
ground plane [3, 27]. Although it is obvious that a cavity would not radiate any 
power, it is assumed that the field distribution in the microstrip antenna is the 
same as the field distribution in the region bounded by the patch and ground
' A PMC (perfect magnetic conductor) is an imaginary surface on which the tangential component 
of the magnetic field (H-field) vanishes. It is the dual of PEC (perfect electric conductor).
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plane. The high impedance condition at the periphery walls implies that the 
electric field tangential to the edge is maximum, whereas the magnetic field 
tangential to the patch edge is approximately zero as explained previously. 
Thus, the patch edge can be considered as a perfect magnetic conductor 
(PMC), and the microstrip and ground planes are considered as perfect electric 
conductors (PEC), as shown in Fig. 2.2. In other words, the cavity model treats 
the patch antenna (the region between the microstrip and the ground plane) as 
a thin cavity, that is, bounded by magnetic walls along the edge and by electric 
walls from above and below.
Figure 2.2: Cavity model of a microstrip antenna.
Main characteristics of this model can be summarized as follows:
i) The small substrate thickness compared to the wavelength implies 
that the electric field has only z-component and magnetic field has 
only x-y components in the region bounded by the microstrip patch 
and the ground plane. Since there is no z-component of the
13
magnetic field in the cavity, the structure is called the TM mode 
cavity.
ii) Electric and magnetic fields under the patch are independent of z 
coordinate due to the small substrate thickness.
iii) Since the electric current on the patch should have no component 
normal to the edge at any point along the edge, the magnetic field 
along the patch edge is zero. This can be demonstrated 
mathematically as follows using the boundary conditions:
With the use of the first and second observations given above, the electric field 
in the cavity is written as
E ^ z E ^ ( x , y ) ,  (2.1)
and from the Maxwell's first equation, the magnetic field in the cavity is 
obtained from
H = -
jcoix
■ V x E (2.2)
H = -
jeon
- X
BE__Z
By
+ y-
BE__ Z_
Bx
(2.3)
where Eq. (2.3) implies that the magnetic field, iT, is orthogonal to z . In 
addition, using the boundary condition form at z = 0, with the fact thatiT is 
zero in the air.
- Z X H ^ = J ^ (2.4)
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as shown in Fig. 2.3, the following magnetic field expression in terms of the 
surface current density is obtained:
H , (2.5)
2 air
^  1 dielectric
boundary
-z
Figure 2.3: Air-dielectric boundary for microstrip antennas.
It is obvious that the surface current density has no z component on the 
microstrip patch. According to the coordinate system given in Fig. 2.4, the 
components of the surface current density on the patch can be written as,
J  = tJ  + nJ  (2.6)
and, at the patch boundary, has only the tangential component,
Js at the ~  ■
patch boundary
(2.7)
Using both (2.5) and (2.7), at z = 0 , the magnetic field at the edges of the 
patch is found to be
H , = n J  ,1 ST (2 .8)
15
which implies that H  has only the normal component at the perimeter of the 
patch, and consequently, confirms that the boundary condition is effectively 
that of a PMC wall along the patch edge.
n
Figure 2.4: Coordinate system for the patch surface.
As it was mentioned earlier, the probe-fed patch antenna, shown in Fig. 
2.5, can be analyzed very effectively via the cavity model using the modal- 
matching technique. With the above discussion on the approximations and 
assumptions of the cavity model, any vertical metalization, with no z varying 
current on it, can be very efficiently incorporated into the cavity model. This is 
because any function with no z variation can be written in terms of the modes 
(eigen-functions) of the cavity, and hence it can be naturally used as a part of 
the cavity model. Therefore, the electric and magnetic fields under the patch, 
the far field expressions, and the input impedances are derived and computed 
in the following sections via the cavity model. In addition, the resonant 
frequencies of some antennas are calculated using the technique, and compared 
with measured results reported in the literature.
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2.1 Modal-Matching Analysis for the Field in the 
Patch
For the sake of illustration, consider a microstrip antenna with a coaxial probe 
centered at (x', y') as shown in Fig. 2.5. The field inside the cavity is excited 
by the following current density on the probe,
J  = z\^[x - X  + / 2 ) - u [ x  -  X -  / 2)J/ (2.9)
where deff is the effective width of the strip or of the centre conductor of the 
coaxial probe, and U(.) is the unit step function.
Figure 2.5: Geometry of a rectangular probe-fed patch antenna.
The field in the cavity excited by the current source J  can be found by the 
modal-matching technique. It would be instructive to give the derivation 
starting with the two independent Maxwell's equations,
V x E  = -j(OfiH , (2.10)
y x H  = j(oeE + J  (2.11)
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Combining these two equations, one can write the wave equation for just the 
electric field, E, as
E = jo}}Aj , (2.12)
where k is the wave number of the medium and defined as k^ =(o^ fA8. Because 
the electric field in the cavity is supposed to have only one component in z- 
direction, and because that component be independent of z variable, this wave 
equation can be simplified to
V, £■ -\· k E = joiuJ ,
t z z ·'  ‘ z ’ (2.13)
2 2 2 2 2
where V  ^ = d / dx + d / dy is the Laplacian operator in the transverse
plane, and7  ^is the z component of the current density J. Once the solution of 
the wave equation, Eq. (2.13), is obtained for the electric field in the cavity, 
then, the magnetic field in the cavity is simply obtained from the Maxwell’s 
equation
jcoe
= ^ V ,  x zE
t 2 t z
(2.14)
where H  = xH + yH .
The main step in this procedure is to find the solution of the wave 
equation, Eq. (2.13). Although there are several methods to solve the wave 
equation for the patch antenna, since the geometry is simplified to a cavity, the 
use of the modes in the cavity to solve for the unknown electric field would be 
very efficient. Therefore, the solution of Eq. (2.13) is considered in two 
regions separated by the plane of the source point: (1) 0 < y < y '; and (2)
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y < y < b . First, let’s consider the first region (0 < where there is no
source, and write the homogeneous wave equation.
+ k^E  = 0 ,t z z (2.15)
with the boundary conditions of.
(2.16a)
H^{x = a, y) = 0, (2.16b)
H ^{x,y = 0 )= 0 . (2.16c)
Solving Eq. (2.15) by the method of separation of variables, with the necessary 
boundary conditions given in Eqs. (2.16a,b, c), and using Eq. (2.14) for the 
magnetic fields give the general solution for the electric and magnetic fields as
E = y  AZ ^  m m = 0
^ mn ^
cos
X ^  tfr , COS“ o
mn
a
H = J
^ m n^
V ;
sin
(2.17a) 
(2.17b)
x lcoste  v), (2.17c)
mn
where /3^^^ = -  {mn / o f , k = ~ space wave
number, e is the relative dielectric constant of the substrate, S „ is the 
effective loss tangent, |x is the permeability of free space, and A^^  ^ is a set of 
constant coefficients.
For the second region (y" < y < b), Eq. (2.15) can be solved similarly 
with the use of the following boundary conditions.
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//^(x = 0,y) = 0. (2.18a)
H^{x = a, y) = Q, (2.18b)
H^{x,y = b) = 0. (2.18c)
For this case, the general solution for the electric and magnetic fields can be 
found similarly as
E -  y '  B cosz ^  m 
m = 0
^ mn ^
-------X
\
a
H = — - Y e p cos
cos|j3,,^(y-&)], (2.19a)
sin k  (y-Z,)], (2.19b)
niTl ^
H V ^.W f ^  i
m7i^
a
^ mn ^
\  ^ J
sin cosk (y-Zi)], (2.19c)
where B is a set of constant coefficients.
m
The constant coefficients, A and B , which are the weights of the modes
in the cavity excited by the source, can be found by considering the surface 
current density at the feeding strip, with the application of the following two 
boundary conditions:
(i) , (2.20)
where n = y , and Hj and are the magnetic fields in the first and 
second regions, respectively.
(ii) must be continuous at the interface of the two regions, y = y ' ■
From these two boundary conditions, it should be understood that the source is 
an impressed electric current sheet, that is, there is no conductor on which the 
surface current is induced. Although this is not the real physical situation, this
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is a good approximation for thin center-conductors of coaxial cables, used in 
such feeding structures. After having obtained the unknown coefficients in the 
expressions of the electric and magnetic fields, they are given as,
E =
Ijcofi
cosb (Zj -  y')]cos
 ^mn
Cl m = 0
COS
mn
sine
md „ ^eff
2a
y a )
cos for  ^ < y < y ,
cosiB y'Icos 
2jco^  ^ ^
 ^mn f
-------X
a
(2 .21)
sme
a m=0
cos
P sinip b)m V m /
cosk  (y -  6)]
md „ ^eff
2a
 ^m7t ^
a
for y < y < b.
H =
2 °°
- S
a m=0
cos\p (b -  y')]cos
mn ^
---- X
a
 ^mn ^
cos
a
■sme
md ^eff
2a
for 0 < y < y^ .
^(p,„y'y
 ^m7i ^
(2.22)
2 oc 'COS
a H^ o sin[p^^b)
a sme
md „ ^eff
2a
mn ^
cos
a
for y < y < b.
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H =
2 ~
- S
Cl m = 0
cosk  -  y')]cos
 ^mn  ^
a
P sinip b)^  m V /11 /
■Sine
md „  ^eff
2a
^ m n^
sm
\ a j
mn
a oos(p^ny)
fo r 0 < y < / ,
--E
cos{p^j')cosi
mn
(2.23)
a m=o P sinip b)
^  m V in /
Sine
md „  ^eff
2a
f  m n  \  (  mU ^
\ Cl J
sin X
a
(>’ -  ¿>)] fo r y' < y < b .
It should be mentioned that, in all the above equations, patch dimensions a 
and b are the effective patch dimensions, which include an empirical edge 
extension factor to account for the fringing fields, as given in Appendix A.
2.2 Far Field
Once the field within the region under the patch is obtained, the radiation field 
can be found from the equivalent Huygen source based on the Huygen's 
principle. Applying the Huygen's principle along the perimeter of the cavity 
and neglecting the electric current on the outer surface of the patch antenna, 
the magnetic current source along the perimeter is obtained from [27, 42, 43]
K = -2 n x  zE^, (2.24)
where n is the unit vector normal to the magnetic wall and outward from the 
cavity, is the electric field defined at that perimeter of the cavity, and the 
factor 2 is for the image current due to the ground plane. The electric vector 
potential of the far field is obtained from
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A'·
F = r X
Ajir
^ d s ' e K ( r ' ) . (2.25)
By integrating Eq. (2.25) over the thickness, the electric vector potential of the 
far field can also be expressed for the patch antenna problem as
F =
■Jk„r
Anr
/· / V jk A x s m O  cos (b + y sin 0 sivub)
2t ]K (x,y)e  “ dl (2.26)
patch
boundary
where dl is dx or dy depending on which side of the patch edge is considered. 
Considering F -  xF^ + yF^, the far field expressions of the electric field
components can be computed as follows:
= jk^ sin 0 -  cos 0 j, (2.27a)
= jk^  ^ F^  cos 6 cos 0 + F  ^cos 6 sin 0 j, (2.27b)
where
^  ____ j m  ^
mn /
COS X
/
P^ m sin()9' / )
sine
^ md „ ^eff
2a
jk  sin G cos 0
‘ mn '
V ^  J
2 . 2
4- sin G cos (¡)
i  jk^a sin 0 cos 0
e
\
(-  1)” -  1 . c o s ^ J /  -  h i - c o s t e  / ) !  (2.28)
-¡K''
P  ________ j m  ^
 ^mn ^
cos ------ X
73m sin(/3„&)
sine
md „etf
la
jk^y sin 0 sin 0
sm(p^^h) -  jk^ sin G sin 0 cos|j3^ _ {y' -  ¿)] + jk^ sin 6 sin 0 cos(^,,_y')| (2.29)
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2.3 Q-Factor
The Q-factor of the patch antenna at resonance is defined as 
total energy stored
Q = 2n
=  2(0
average power loss per cycle
° P +P, + Pr  d c 
1 1 1
where
(2.30)
/ \ ^0^  ^ f f *\^i·/ ~ ' J J ■ E^dxdy , (average stored electric energy) (2.31)
0 0
fit  ^ *
¡ j H - H  dxdy , (average stored magnetic energy) (2.32)
0 0
1
+
0 0
^^2
r sin OdOdtj) , (radiated power) (2.33)
P, 2®o,[w ) =d
e .
P
4
(w  ) .c aAtfi \ fn/
Qr'. Q-factor of radiation loss, 
Q,·: Q-factor of conductor loss, 
Qj: Q-factor of dielectric loss.
(power dissipated in conductor) (2.35)
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tan 5: loss tangent of the substrate,
A ; skin depth,
a  : conductivity.
Then, the effective loss tangent 5eff to be used for computing the wave 
number k is defined as = l / Q ,  and consequently used in the calculation of
the input impedances and all the other parameters.
2.4 Input Impedance
The definition of the input impedance for the probe-fed patch antenna is given 
by
Z = - i J K ,created by probe) Jdv i \ i \ \ (2.36)
where |/| is 1 Amp. E  and J  in Eq. (2.36) are given in Eqs. (2.21) and (2.9),
respectively. Once these components are substituted into Eq. (2.36), the input 
impedance is obtained as
^  _ 2y (y/ti ^
cos(^,„y')cos‘
mn
X
a
Cl m=0 sin(/3 b)^ 11 V m /
cosk  (y '-è )]s in c ‘
mdeff
2a
. (2.37)
2.5 Results
Using the cavity model, the resonant frequencies of some microstrip patch 
antennas, as shown in Fig. 2.5, are computed and compared with the 
experimental results given in [51], as tabulated in Table 2.1. In the analysis, 
the number of terms summed in all far field and input impedance expressions
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is taken to be approximately 50. In the table, the columns from second to fifth 
give the parameters of the antennas, and the last column gives the difference 
between measured and computed frequencies, which is defined as
fr:A/ = 100% ^ _  '' calculated
/.measured
(2.38)
All the antennas studied are fed from the centre of the horizontal dimension a, 
i.e. x' = a/2, where the electric field of TMio mode is zero. The feed locations 
are chosen such that the input impedance is nearly matched to 50Í2 at the 
resonance. These results verify the applicability of the cavity model for 
analyzing the rectangular microstrip antenna elements. It is also verified that 
the applicability of the cavity model is limited to thin substrates. That is, as the 
substrate thickness is decreased compared to the wavelength, the analysis of 
patch antennas using the cavity model predicts the electrical parameters better 
in terms of accuracy.
Patch
No.
a
(mm)
b
(mm)
/
(mm)
£r t
(mm)
meas.
freq.
(GHz)
comp.
freq.
(GHz)
A/
(%)
1 8.5 12.9 4.15 2.22 0.17 7.74 7.67 0.904
2 7.9 11.85 4.1 2.22 0.17 8.45 8.33 1.42
3 20.0 25.0 6.83 2.22 0.79 3.97 3.88 2.27
4 10.63 11.83 3.9 2.22 0.79 7.73 7.88 -1.94
5 17.2 18.6 5.94 2.33 1.57 5.06 4.85 4.15
6 18.1 19.6 6.27 2.33 1.57 4.805 4.61 4.05
7 12.7 13.5 4.25 2.55 1.63 6.56 6.2 5.48
Table 2.1: Resonant frequencies of various antennas.
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Chapter 3
CAVITY MODELLING OF PATCH 
ANTENNAS USING SLOTS
Many applications in military and communication systems today, such as 
aircraft and spacecraft applications, and the GSM systems operating in two 
different frequency bands, require dual-frequency antennas. Microstrip antenna 
technology leads to a wide variety of designs and techniques to meet this need, 
such as using patch antennas stacked on top of each other or placed side by 
side, or interconnected with some microstrip lines. In these techniques, design 
of a proper feeding circuit with microstrip lines such that only one patch is 
excited at a time for each frequency band is required. However, in these 
techniques the major feature of a thin microstrip antenna, which is 
compactness in structure, is sacrificed. In other words, saving in space, weight, 
material and cost cannot be achieved. A single-element microstrip antenna for
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dual-frequency operation can be designed by placing shorting pins and slots at 
appropriate locations in the patch.
Considering the cavity model theory, a single patch antenna can resonate at 
many frequencies corresponding to various modes. However, in order for such 
antenna to be useful in many applications, all bands must have the identical 
polarization, radiation pattern and input impedance characteristics [41]. It is 
also desirable to have a single feed for all bands, and arbitrary separation of 
the frequency bands used in the dual-band operation.
Considering the above constraints, operations of many modes are not 
useful. For instance, modes (0,1) and (1,0) together are not useful for the dual­
band operation, because their radiation fields have two different polarizations 
[42]. The two lowest useful modes, according to the constraint specified 
above, are (0,1) and (0,3) modes of rectangular patch. Mode (0,2) is not useful 
either, because of a null in its radiation pattern in the broadside direction.
Using the information of the field distributions for various modes, the 
operating frequencies corresponding to these modes can be tuned independent 
of each other. For the dual-frequency operation of microstrip antennas at the 
resonant frequencies of modes (0,1) and (0,3), the ratio of the frequencies is 
approximately three, depending on the fringing fields. Since this rigid 
frequency ratio restricts the usefulness of the patch antennas for the dual-band 
operation, shorting pins and slots in the patch are used to adjust this ratio to 
some lower values.
One way is to place shorting pins along the nodal lines of the (0,3) modal 
electric field of a rectangular patch [41]. These pins have no effect on the (0,3)
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modal field structure, but have an effect on the (0,1) modal field, thus on its 
stored energy, and the resonant frequency. These pins increase the resonant 
frequency of mode (0,1), which is the low band frequency, and it can be tuned 
independently over a wide range. As a result, the ratio of the two operating 
frequencies can be varied.
Another way is to cut slots in the patch where the magnetic field of the 
(0,3) mode is maximum. The slots have little effect on the (0,1) modal field 
structure, but strong effect on the (0,3) modal field structure. Since the slots 
decrease the frequency of mode (0,3), using both slots and pins, the low band 
and high band frequencies can be tuned independently over a wide range.
In this chapter, a rectangular microstrip antenna for dual-frequency 
operation using slots is analyzed via the cavity model and the modal-matching 
technique. For this antenna, the multi-port theory is developed to predict the 
effect of slots on the resonant frequency and input impedance.
3.1 Modal-Matching Analysis for the Field in the 
Patch
A microstrip antenna with an x-oriented slot centered at (xi, yO on the patch is 
considered for the sake of illustration of the methods. The slot on the patch is 
modeled by a magnetic current density M centered at (xi, yi), as shown in Fig. 
3.1, and as it is given in the figure, this current density must be a function of z 
coordinate. From Chapter 2, the antenna is considered as a cavity bounded by 
magnetic walls along the edge and by electric walls from above and below.
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The model of the magnetic source described above can be represented 
mathematically as.
M = + d l 2 ) - U [ x -  - d l 2 ) \
^(y -  y , ) ^ ( ^ - 0
(3.1)
where d is the length of the slot, and C/(.) is the unit step function. Since the 
source is a function of z coordinate, it cannot be accommodated into the cavity 
model. As described in Chapter 2, such functions cannot be represented as a 
linear superposition of the modal functions of the cavity, which are all z 
independent. Using the fact that the thickness of the substrate is very small 
compared to the wavelength, the magnetic current density is extended 
throughout the thickness of the substrate, of course with some adjustments on 
the length and width of the slot, to make the source z independent. Since only 
very narrow slots are considered in this work, the physical length of the slot is 
modified to the effective length, and the magnetic current source is 
approximated as follows:
M = x[u{x - x ^+  d^ ^^ / 2 ) - U[x -  Xj -  /2)J
<5(y -  y ^ )u (z ) -U { z - t" f[ l t
(3.2)
It should be noted that the effective length d^a is always less than the physical 
length. This is because when the surface magnetic source at the slot is 
extended down to the ground plane at the bottom, the excitation of the field 
components would be stronger. Therefore, to compensate this artificial 
excitation, the length is reduced, and the amount of reduction is obviously 
dependent on the thickness of the substrate. The amount of reduction can be
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obtained as the adjustment factor between the simulated input impedance and 
the measured results.
Figure 3.1: Geometry of a rectangular patch antenna with x-oriented slot.
The field in the cavity excited by M can be found by the modal-matching 
technique, and for the sake of completeness, the derivation starts with the 
Maxwell's equations,
V x E  = -jco^H - M  . (3.3)
V x H  = j(oeE . (3.4)
From these coupled first-order differential equations, the wave equation for the 
electric field, E, is obtained,
W^E + k ^ E = V x M  (3.5)
where k^ =(o^ |Li8. Using the fact that the electric field in the cavity has only z- 
component, the wave equation is simplified to
+ k^E  ^ = z · (v X M) (3.6)
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where = d Idx +d Idy is the Laplacian operator in the transverse
plane. The solution of Eq. (3.6) gives the electric field in the cavity, and then 
the magnetic field is obtained by
](0£
/ /  = ^ V ,  x z E
t 2 t z
(3.7)
where H  = xH  + yH .
As in the case of the cavity model analysis of probe-fed microstrip antenna 
presented in Chapter 2, the solution of the wave equation, Eq. (3.6), is 
performed in two regions separated by the plane of the source point; (1) 
0 < y < y ,; and (2) y^  < y < h . First, let’s consider the first region
(0 < y < yj) where there is no source, and write the homogeneous wave 
equation
2 2
(3.8)+k^E  = 0 ,
t z z
with the following boundary conditions;
(3.9a)
H^{x = a, y ) ^ Q , (3.9b)
H^{x,y = Q) = Q. (3.9c)
Solving Eq. (3.8) for the electric field in the cavity by the method of separation 
of variables with the application of the boundary conditions, Eqs. (3.9a,b, c), 
and substituting this electric field into Eq. (3.7) gives the electric and magnetic 
fields in the cavity.
E = y  A cos
z ^  m
^ mn  ^
---- X
//1 = 0 a
cos(/?„,y), (3.10a)
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7 °°
H = — L \ a  15
^ rrm ^
cos
m  “ o V
H = —  Y a
y ^  I
^ mn^  ^
0)11 m = 0 \  ^ J
Sin
m;r
a
M p , „ y ) ’ (3.10b)
(3.10c)
2  ^ 2 2 /  \ 
where = k -  (m/r/ a f , k = A:Qe^ (l -  A:,, is the free space wave
number, is the relative dielectric constant of the substrate, 6gff is the
effective loss tangent, p is the permeability of free space, and A,„ is a set of
constant coefficients.
For the second region, < y < b , Eq. (3.8) can be solved similarly with 
the use of the boundary conditions,
H^{x = 0 , y ) = 0 ,  (3.11a)
H^{x = a,y)  = 0,  (3.11b)
H ^{x,y = b) = 0 . (3.11c)
The electric field can be obtained, as in the first region, by the method of 
separation of variables, with the application of the boundary conditions, Eqs. 
(3.11a,b, c), and the magnetic field is found simply by using (3.7):
cosk  (y -¿»)],E = Y b
z X - J  mm=0
mn ^
cos
y
(3.12a)
H = - J
<»7^ “ o
J b  P COS
^ mn ^
---- X
O'
H = —  \ By II
mn
\  ^ J
sm
“ o
where 5„, is a set of constant coefficients.
mn
a
Sint3,7y-i>)], (3.12b)
c o s K i y -* )] , (3.12c)
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The constant coefficients,A,„ and can be found by imposing the
additional boundary condition at the slot, i.e. the magnetic surface current 
density on the slot. From the following two boundary conditions,
(i) [e ^ -  E j ) x n  = M , (3.13)
where n = y , and Ej  and E 2  are the electric fields in the regions of 
0 < y < yj and < y < b , respectively,
(ii) H^ must be continuous at the interface y = y ,,
the electric and magnetic fields in the cavity can be uniquely determined, and 
given here for the sake of completeness:
E =Z
2d
y,)]cos
 ^mn ^
eff a
at m=0
cos
nm
a
■sine
 ^md ^eff
2a
for 0 < y < y^,
2d
sin(/3^^^y,)cos
 ^nm ^
(3.14)
eff a sine
at /71=0
cos
nm
a
c o s k y y - * ) ]
md „ ^eff
2a
for y^  < y <b.
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H =
sin\j3^^(b -  y j c o s
^ mn  ^
(O jilC lt m=0
■sine
md „ ^eff
2a
B cos* III
mn
■X sm iPn,y) for 0 < y < ya
(OlAat m = 0
sin(/3,„y,)cos
y mn ^
(3.15)
a •sme
md „ ^eff
B cos’ ni
sin 
mn ^
---- X
2a
y a j
for y^  < y < b.
H =
sinK ,(6 -} ',)]cos
<' mn ^
a
(OjUat m - 0 sin
•sine
md „ ^eff
2a
 ^m n^
sin
 ^mn ''
\ ^ j K ^ J
2jd
sin(/3^^ )^;,)eos
y mn ^
for 0 < y < 7 ,,
(3.16)
eff •Sine
C O jJa t m =0
f  m n \
2a
\ a j
sin
mn
a
•t Icosb,„(y -  *)] for < y < b .
Considering that the above derivation is for the slot oriented in x-direetion, 
a mierostrip antenna with a y-oriented slot eentered at (x2, y2) can be analyzed 
similarly. The magnetie eurrent density, M, for the y-oriented slot eentered at 
(x2, yi), as shown in Fig. 3.2, is written mathematieally as
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M  = J,[c/(y -  y ,  + „ l 2 ) - u [ y - y , -  „  /2 )J
S{x -  x^Ju(z) -  U(z -  i)]/1
The field in the cavity excited by this magnetic current density, M, can be 
found similarly by the modal-matching technique.
Figure 3.2: Geometry of a rectangular patch antenna with y-oriented slot.
Performing similar calculations with the following conditions, the electric 
and magnetic fields in the cavity can be calculated:
(i) In the region where 0 < x < > the following boundary conditions are
applied:
H^{x,y = 0) = 0, (3.18a)
H^(x,y = b) = 0, (3.18b)
H^{x = 0 , y ) = 0 .  (3.18c)
(ii) In the region where x  ^ < x < a , the following boundary conditions are 
applied:
H ( x , y  = 0) = 0, (3.19a)
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H^{x = a,y)  = Q. (3.19c)
(iii) [ E ^ - E j ) x n  = M , (3.20)
where n = x , and E,  and E 2  are the electric fields in regions of 
0 < X < < X < a,  respectively.
(iv) H^ must be continuous at the interface x = x^.
Then the electric and magnetic field distributions in the cavity due to the 
y-oriented slot on the patch can be summarized as follows:
H^(x,y = b) = Q, (3.19b)
E =Z
2d
sin [a (a -  X )]cos
mn ^
eff
3^ ,
bt in=0
mn 3
cos
2d
b
sin (a x-jcosV «1 2 /
inla a) 
OS (a x)V m '
•smc
md „ ^eff
2b
for 0 < X <  X ,
eff
mn
bt «1=0 sin (a a)\ in '
mn ^
cos cos[a (x -  a)]
/ 01 nr*f md „eff
2b
l
(3.21)
for X < X < a.
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H =
X
2jd
sin[a (fl -  X )]cos
eff
m7l
(OjJLbt m =0 sin (a a )
\ m f
•Sine
b )
sin
mn
md „ ^eff
2b
y
2 X
b
sin (a X, Icos
\ m 2 /
cosia\ m / for  0 < X < X-,
eff
mn
(3.22)
(O lJLb t m =0 sin (a a)
\ m /
Sine
mdeff
2b
b )
sin
mn
cos[a (x -  a)] for x^  < x < a.
H =
2jd
sin [a (a -  x^jjeos
eff
mn ^
(Ojilbt m=0 sin
 ^mn ^
ia a)\ m /
■Sine
^ md ^eff
a  eos
m
Sin [a jc)V m /
2b
for 0 < X  <
■^^ e^ff 
(OJAbt m=0
sin (a X., jeos
 ^ m 2 /
^ mn ^
(3.23)
b
y.
sin (a a]\ m /
Sine
a  cos
m
mn
b
mdeff
2b
sin [a  (x -  a)] for X. < X < a.
where a,^ , = -  { m ilb Y .
Note that, in all above equations, the patch dimensions a and b are the 
effective patch dimensions which include an empirical edge extension factor to 
account for the fringing fields as shown in Appendix A.
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The electric and magnetic fields of a rectangular probe-fed patch antenna 
with x-oriented and y-oriented slots can be found by the superposition of the 
individual field contributions due to the probe and the slot. The field 
contribution due to the probe is already given in Eqs. (2.21), (2.22) and (2.23).
3.2 Far Field
Once the field within the region under the patch is obtained, the radiation 
field can be found from the equivalent Huygen source based on the Huygen's 
principle. Since the equations in Section 2.2 are also valid for this part, they 
are not rewritten here for the sake of brevity. In order to find Fx and Fy for the 
probe-fed patch antenna with x-oriented and y-oriented slots, individual Fx and 
Fy contributions due to the probe and slot can be superposed. Since the 
contributions due to a probe are already given in Eqs. (2.28-29), the far field 
expression due to a slot can be computed similarly using Eq. (2.27). Hence, the 
contributions due to each slot, x- and y-oriented, are summarized as.
For the x-oriented slot. 
- jK’’
 ^mTt ^
cos
F =
X
eff ■Sine
nr a m = 0 sinl
md „ ^eff
2a
jk^ sin d cos (¡)
jk a sin 0 cos (¡>
ifi.»)
(-1)"' - l l ·  jsin[^^^_(z7- y,)]+e
/ \2 ' mn ' 2 . 2 ^  2 
+ a:^  sin 9 cos
\ a j
jk jb  sin 6 sin (p
(3.24)
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For the y-oriented slot:
F =
-A'· ,e d
cos
eff
mn
b
nr b »1=0 sinia illV m f
■Sine
md „ ^eti
2b
jk,hsmOsin<l> , . \
e (- 1) -  1
(' \2 2 2 2sin" 0 cos 0
{jk^ sin 6 cos 0 ) · ] e
jk^x^ sin Ö cos 0
sin («„,«)-sin [a J a
jk^a sin 0 cos (j
si"k>^2)| (3-26)
-A ' ,e d ..
f  - ________  eff
y
cos
mn
nr b /»=0 sin (a a]
\ m /
■Sine
md ,, ^eff
2b
jk^ sin 6 sin 0
/  \ 2  ‘ mn 2 2  2
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V ^  /
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jk^ a^ sin 0 cos 0
Sin(«»,■"2 ) (3.27)
3.3 Q-Factor
The Q-factor of the patch antenna at resonance is defined in the same way as in 
Eq. (2.30). Since the same equations are valid, they are not rewritten in this 
part. To calculate the quality factor of the microstrip antenna with slots on it, 
the equations from (2.31) to (2.35) are used with the field distributions 
computed in Section 3.1 and 3.2.
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3.4 Multi-Port Analysis for Input Impedance
When the antenna is replaced by an ideal cavity, the multi-port analysis can be 
performed to find the input impedance, thus to determine the resonance 
frequency of the antenna. To illustrate the use of the multi-port analysis, first 
consider a patch antenna with three ports as shown in Fig. 3.3: port 1 is the 
probe located at (x', y') with an electric current density J\, and an effective 
width of d'\ port 2 is an x-oriented slot at (xi, yi) with the magnetic current 
density M2, and an effective length d\ \ port 3 is a y-oriented slot at (x2 , yi) with 
the magnetic current density M3, and an effective length dz. This approach can 
be generalized for any number of slots and probes in a straightforward manner.
Figure 3.3: Geometry of a probe-fed patch antenna with one x-oriented and 
one y-oriented slot.
In order to define the voltage and current at these ports, the following
characterization of the 3-port system is used [41, 42, 44].
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\2 ^13 A
^2 = Kl ^ 3 ^ 2
^3 K ^32 ^ 3 . ^3
(3.28)
where the h-parameters for the three port system are simply given as,
h = V"ll *^1
^2 = h
I  = \A , port 2&3 short JJJ'^(created by probe) !L  (3.29a)
V^= \V , port! open, port3 short -JJK ·".:(created by slot at port2) dv /V.
*33 = '3 V^  = \ V , portl open, port2 short -J J K ·» (created by slot at port3) dv
(3.29b)
IV.
h = V"12 '^ i 4  JK,=1V, portl open, port3 short , /  J z(created by slot at port 2)
^  over d '
at y = y
Kx =
h =V V^=1V, portl open, port2 short = -  /
^  over d '
"' (^created by slot at port3) at y=y
(3.29c)
/¿c(3.29d)
(3.29e)
dx (3.29f)
2^3 = 12 = i / /Kj=lV, portl open, port2 short J created by slot at port3)
over d.
at y = y
dx (3.29g)
= { H/  =M, port2&3 short J y(created by probe)
over d^
at A=A.,
dy (3.29h)
^2 = 3^ V ^ = IV , portl open, port3 short = J H
over d^
y(created by slot at port2) at A=A.,
dy (3.29i)
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The input impedance, Zi„, of this three-port antenna can be defined in 
terms of the h-parameters given in Eqs. (3.29) as
Z. = / i , ,in 11 12
V 2^ + 3^3
h h  ^. _ _ V 3 1 _
21
3^ + K
KiK-yK + -----22
13 33 y
^3^1
F3 + /Z33
(3.30)
where F2 and F3 are the load admittances across the slot terminals at port 2 and 
port 3, respectively. The definition of the load impedance for a slot is 
described in Appendix B.
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Chapter 4
THEORETICAL AND 
EXPERIMENTAL RESULTS
The theory in Chapter 3 states that slots can lower the operating frequency of 
mode (0,3) if they are placed at appropriate locations. The appropriate 
locations, where the magnetic field of mode (0,3) is maximum, are shown in 
Fig. 4.1 for the rectangular patch antenna whose dimensions are a = 8cm and 
b = 10cm . In this chapter, several antennas have been designed and tested to 
validate the theory, all of which were made of bronze patches, hanging in the 
air above the ground plane, with the thickness of the air substrate t -  0 .6cm ,
the relative p e r m i t t i v i t y = 1.0 , the loss tangent tan5 = 1 0  and the
6
conductivity of the bronz cr = 10 . All antennas have the dimensions a = 8cm
and b -  10cm, and are fed with a cable with d'  = 1.0cm and feed points
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X -  4.0cm and y = 3.0cm as shown in Fig. 2.5. The feed location provides 
nearly matched impedance to 50Q line for both bands.
Figure 4.1: Appropriate locations of slots for tuning the high band.
The first rectangular patch antenna is the one without any slot. The
measured and computed input impedance loci for both low and high bands are
shown in Fig. 4.2. The resonance frequencies for both bands are tabulated in 
Table 4.1.
The second rectangular patch antenna is the one with one x-oriented slot of 
length 1.0cm, width 0.15cm, and coordinates = 4.0cm and y, = 8.0cm.
Measured and computed input impedance loci for both low and high bands are
shown in Fig. 4.3. The resonance frequencies for both bands are tabulated in 
Table 4.1.
The third rectangular patch antenna is the one with two x-oriented slots. 
The first slot is of length 1.0cm, width 0.15cm, and coordinates 
= 4.0cm and = 8.0cm.The second one is of length 1.0cm, width 0.15cm,
and coordinates x^ = 2.0cm and y  ^ = 8.0cm. The measured and computed
input impedance loci for both low and high bands are shown in Fig. 4.4. The 
resonance frequencies for both bands are tabulated in Table 4.1.
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The last rectangular patch antenna is the one with one x-oriented slot and 
one y-oriented slot. The x-oriented slot is of length 1.0cm, width 0.15cm, and 
coordinates = 4.0cm and = 8.0cm.The y-oriented slot is of length 1.0cm,
width 0.15cm, and coordinates = 4.0cm and = 6.0cm. The measured and
computed input impedance loci for both low and high bands are shown in Fig. 
4.5. The resonance frequency values for both bands are tabulated in Table 
4.1.
It is seen from the results that the measured and theoretical results are 
close to each other for both bands. The difference is tolerable, and is due to the 
use of approximate values in some calculations, such as in calculating the load 
impedance of the slots. It is also seen from the results that the slots affect the 
high band impedance locus significantly, but their effect on the low band 
impedance locus is little as expected.
frequency (GHz)
measured computed
no slot 1.36 1.38
Low band 1 x-oriented slot 1.37 1.37
2 x-oriented slots 1.36 1.36
Ix-Iy oriented slots 1.36 1.37
no slot 4.3 4.2
High band I x-oriented slot 3.75 3.78
2 x-oriented slots 3.65 3.63
Ix-ly oriented slots 3.67 3.64
Table 4.1: Resonance frequency values of both bands for four antennas.
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-·: measured
♦— ♦: computed 
1250-1450MHz 
Increment lOMHz 
Increasing frequency 
is clockwise.
•—·: measured 
♦— ♦: computed 
4000-4500MHZ 
Increment 25MHz 
Increasing frequency 
is clockwise.
(b)
Figure 4.2: M easured and computed impedance loci of a rectangular patch
antenna with no slot: (a) Low band, (b) High band.
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•— ·: measured 
♦— ♦: computed 
1270-1450MHz 
Increment lOMHz 
Increasing frequency 
is clockwise.
(a)
•—·: measured 
♦— ♦: computed 
3600-3800MHZ 
Increment lOMHz 
Increasing frequency 
is clockwise.
Figure 4.3: M easured and computed loci of a rectangular patch antenna with
one x-oriented slot: (a) Low band, (b) High band.
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-·: measured
♦— ♦: computed 
1250-1450MHz 
Increment lOMHz 
Increasing frequency 
is clockwise.
•—·: measured 
♦— ♦: computed 
3500-3700MHZ 
Increment lOMHz 
Increasing frequency 
is clockwise.
(b)
Figure 4.4: M easured and computed loci of a rectangular patch antenna with
two x-oriented slots: (a) Low band, (b) High band.
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•—·: measured 
♦— ♦: computed 
1250-1450MHz 
Increment lOMHz 
Increasing frequency 
is clockwise.
•— ·: measured 
♦— ♦: computed 
3600-3800MHZ 
Increment lOMHz 
Increasing frequency 
is clockwise.
(b)
Figure 4.5: M easured and computed loci of a rectangular patch antenna with
one x-oriented and one y-oriented slots: (a) Low band, (b) High band.
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Table 4.2 gives the operating frequencies of both low and high band for 
some cases. In this table, F^w and Fhigh corresponds to the operating 
frequencies for low and high band, respectively. In the analysis, the number of 
terms summed in all far field and input impedance expressions is taken to be 
approximately 50. These results show that in general the slots can lower the 
high band frequency.
Fiow(GHz) Fhigh(GHz) Fhigh/ Flow
One x-oriented slot d\=icm  at (4.0, 8.0) 1.37 3.78 2.76
One x-oriented slot d\=2cm at (4.0, 8.0) 1.36 3.62 2 .6 6
Two x-oriented slots ¿ii,2=2cm at (4.0, 8.0) 
and (4.0, 5.5)
1.35 3.38 2.50
Three x-oriented slots d\x^=2cm at (4.0, 
8.0), (4.0, 5.5) and (4.0, 1.7)
1.34 2.70 2.01
Three x-oriented slots i/i,2,3=2cm at (4.0, 
8.0), (4.0, 5.5) and (4.0, 1.7), and one y- 
oriented slot d^=2cm. at (2 .0 , 8 .0 )
1.37 2.62 1.91
One x-oriented slot d\=2cm at (4.0, 8.0) and 
one y-oriented slot ¿2=2 cm at (4.0, 5.5)
1.36 3.40 2.50
One y-oriented slot d\=2cm. at (4.0, 6.0) 1.37 3.62 2.64
Table 4.2: Operating frequencies of both low and high band for some cases.
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Chapter 5
GENETIC ALGORITHM
After having introduced the cavity model for patch antennas with slots, an 
optimization program based on the genetic algorithm is developed for the 
optimization of coordinates and dimension of slots in order to achieve desired 
frequency and impedance values for dual-frequency operation. In this chapter, 
first, the theory of a simple genetic algorithm is summarized, and then, the 
optimization results are presented.
5.1 Theory of a Simple Genetic Algorithm
The goal of optimization is to improve the performance of a function toward 
some optimal point or points. Genetic algorithms are methods to search 
parameter spaces and to optimize a set of parameters for a given function. 
They are different from traditional optimization and search methods in many 
ways [50]: First, genetic algorithms use a coding of the parameter set, not the 
parameters themselves. Second, they search from a population of points, not a
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single point. Third, they use objective (cost) function itself, not its derivatives. 
Finally, they use probabilistic approach, not deterministic approach.
Genetic algorithm is based on the mechanics of natural selection. It 
manipulates strings of binary digits, called chromosomes. It carries out 
simulated evolution on populations of such chromosomes. Genetic algorithm, 
like nature, finds good chromosomes by evaluating each chromosome through 
evaluation (cost) function. An evaluation function takes a chromosome as 
input and returns a number that is a measure of the performance (fitness) of the 
chromosome. Thus, it biases the selection of chromosomes such that those 
with the best evaluations tend to be more reproductive than those with the 
worst evaluations. A general outline of a simple genetic algorithm is given as 
follows.
Algorithm 1 The Genetic Algorithm
1. Create a population of randomly chosen parameters in the form of binary 
strings, ie. a population of chromosomes.
2. Evaluate each chromosome in the population after converting them from 
binary strings to real numbers.
3. Select chromosomes with good fits using a selection process.
4. Create new chromosomes by mating parent chromosomes selected in step 
3; apply mutation and crossover as the parent chromosomes mate.
5. Delete old members of the population.
6 . Evaluate the new chromosomes in the population after converting them 
from binary strings to real numbers.
7. If generation time is up, stop and return the best chromosome in the 
population. If not, go to step 3.
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The purpose of selection process in a genetic algorithm is to give more 
reproductive chances to the fittest population members. One commonly used 
method is Roulette Wheel Parent Selection Method as described in the 
following. As the name indicates, it is viewed as allocating pie-shaped slices 
on a roulette wheel to population members. Each slice is proportional to the 
member's fitness. The winning population member in the selection process is 
the one in whose slice the roulette spinner ends up.
Algorithm 2 The Roulette Wheel Parent Selection Method
1. Sum the fitnesses of all population members.
2. Create a random number between 0 and the sum of the fitnesses found in 
step 1 .
3. Return the first population member whose fitness added to the fitnesses of 
previous members is equal or greater than the random number created in 
step 2 .
Crossover and mutation is another process in genetic algorithm. It causes 
chromosomes to be different from those of their parents. Crossover recombines 
the genetic material in two parent chromosomes to make two children, if a 
probability test is passed. In one-point crossover, which is a simple crossover 
technique, parts of two parent chromosomes are swapped after a randomly 
selected point, creating two children. Similarly in two-point crossover, parts of 
two parent chromosomes between the two randomly selected points are 
swapped, creating two children. Another process, bit mutation, sweeps down 
some bits in a binary string, and replaces each bit by a randomly selected bit, if 
a probability test is passed.
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5.2 Optimization Results
A rectangular patch antenna, whose dimensions are a -  8cm and b = 10cm, 
has been optimized for the appropriate places and dimensions of the slot. The 
antenna has the same properties as the ones given in Chapter 4, which was 
made of bronze patch and has the thickness of t -  0 .6cm , the relative 
permittivity of 8 ,. = 1.0 , the loss tangent of tan 5 = 1 0 ”^ , and the conductivity
of cr=10^. It is also fed with a coaxial cable located at x ' = 4.0cm and 
y ' -  3.0cm, and with d ' = 1.0cm.
The goal of the optimization is to find the appropriate coordinates and 
dimensions such that the ratio of the high band frequency to low band 
frequency, ie. Fhigh/Fiow, is adjusted to a specific value N  with perfect 
impedance match to the 50i2 line for both bands. Note that N  should be in 
between 0 and 3.0. Thus, the objective (cost) function can be defined as 
follows:
/c» = . (5.1)
where Zhigh and Ziow are the input impedances for high and low bands, 
respectively. The cost function is minimized according to the parameters, 
which are the x-coordinate, y-coordinate and the length of each slot, yielding 
three parameters for each slot. In each optimization process, the chromosome 
length, ie. the number of binary digits in each chromosome, is set to 20  for 
each parameter. The crossover and mutation probabilities are set to 0.65 and 
0.008, respectively. Also, two-point crossover is used in each process.
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First, the ratio of the high band frequency to low band frequency, ie. 
^high/Fiow. is set to N=2.5. Table 5.1 summarizes the results for some cases. 
First and second column gives the number of chromosomes in the population 
and the maximum number of generations, respectively. The last column gives 
the optimized parameter values. In each case, both high and low-band input 
impedance is perfectly matched to 50i2. In this table, d's refer to the length of 
slots.
Then the ratio of the high band frequency to low band frequency, ie. 
Fhigh/Fiow, is set to N=2.1. Table 5.2 summarizes the results for some cases. In 
each case, both high and low-band input impedance is perfectly matched to 
50n.
After finding the optimization results, some of the antennas designed in the 
optimization was constructed and tested. Fig. 5.1 and Fig. 5.2 show, 
respectively, the measured and computed impedance loci of the first and the 
second antenna in Table 5.2 for both bands. It is seen from the figures that the 
measured and theoretical results are close to each other for both bands.
The results show that slots have strong effect on the (0,3) mode operating 
frequency if they are placed around the locations where the magnetic field of 
the (0,3) mode is maximum. However, the slots have little effect on the low 
band frequency as expected.
One disadvantage of the optimization process is a large percentage of time 
required for the algorithm to converge to a solution. This is due to a large 
number of computations, such as a large number of summations to calculate 
the fields in the patch. Also, as the population size and the number of slots to
56
be optimized get larger, the time that is required to complete the process gets 
larger. However, as the population size and the number of slots to be optimized 
get larger, the algorithm can converge more closely to the desired solution as 
expected. This trade-off can be overcome by accelerating the computations, 
considering the improvement of the algorithm for future work.
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popsize gen# N P  low
(GHz)
Fhigh
(GHz)
parameters 
(in cm)
1 x-oriented slot 
with di & (xi, yi)
2 0 0 0 500 2.53 1.37 3.47 di =2.1395 at 
(4.084,5.166)
2 x-oriented slots 
with di & (xi, }^ i), 
and d2  & (x2, >'2)
1000 2 00 2.55 1.36 3.47 di=1.1395 at 
(3.932, 3.001)
d2=1.8439 at 
(3.921,1.838)
3 x-oriented slots 
with di & (xi, };i), 
di & (x2, yi) and 
d3 & (x3, ya)
1000 200 2.51 1.38 3.47 di=1.0709 at 
(4.098, 2.762)
d2=0.1397at 
(3.200, 3.865)
da= 1.3996 at 
(4.206, 1.991)
1 x-oriented slot 
with d\ & (xi, 3^ 1)
1 y-oriented slot 
with d2  & (x2, ^2)
1000 300 2.54 1.36 3.46 di=1.7254at
(6.125,2.488)
d2=1.6863 at 
(5.692, 8.181)
2 x-oriented slots 
with d] & (xi,yi), 
and d2  & (x2, yi)
1 y-oriented slot 
with da & (xa, ya)
1000 300 2.47 1.37 3.39 di=0.5753 at 
(6.312, 6.281)
da= 1.2522 at 
(6.151,2.355)
da=1.8241 at 
(5.933, 8.001)
1 y-oriented slot 
with d\ & (xi, yi)
20 0 0 500 2.51 1.37 3.44 di=1.6852 at 
(3.9473, 8.678)
2 x-oriented slots 
with d\ & (xi, yi), 
and d2  & (x2, yi)
2 y-oriented slots 
with da & (xa, ya), 
and d4 & (x4, y4)
1000 300 2.53
.
1.36 3.45 di=1.1211 at 
(2.498, 8.990)
d2=1.4741 at 
(2.951,2.727)
da=1.1381 at 
(3.696, 8.976)
d4=0.6943 at 
(7.582, 5.693)
Table 5.1: Optimization results for N=2.5.
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popsize gen# N Flow
(GHz)
Fhigh
(GHz)
parameters 
(in cm)
1 x-oriented slot 
with d\ & (xi, }^ i)
1000 20 0 2.76 1.37 3.78 ¿/i=1.1395at 
(3.664, 5.287)
2 x-oriented slots 
with d\ & (xi, }^ i), 
and d2  & (X2, y i)
1000 2 00 2.69 1.38 3.72 Ji=1.3936 at 
(3.735,5.148)
¿/2=0.1397 at 
(4.023,4.459)
3 x-oriented slots 
with di & (xi,}^i), 
d2  & (x2 , y i) and 
¿3 & (X3, ys)
1000 200 2.65 1.38 3.65 i/i=1.7179 at 
(1.385,3.210)
¿/2=0.1397 at 
(4.168,4.733)
¿/3=0.1148 at 
(1.564,1.352)
Table 5.2: Optimization results for N=2.1.
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• —  ·: measured
♦ — ♦: computed 
1300-1450MHz 
Increment lOMHz 
Increasing frequency 
is clockwise.
(a)
• —  ·: measured
♦ — ♦; computed 
3600-3900MHZ 
Increment lOMHz 
Increasing frequency 
is clockwise.
(b)
Figure 5.1: Measured and computed impedance loci of the first patch antenna 
in Table 5.2; (a) Low band, (b) High band.
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• —  ·: measured
♦ — ♦: computed 
1300-1450MHz 
Increment lOMHz 
Increasing frequency 
is clockwise.
(a)
• —  ·: measured
♦ — ♦: computed 
3600-3900MHZ 
Increment lOMHz 
Increasing frequency 
is clockwise.
Figure 5.2; Measured and computed impedance loci of the second patch 
antenna in Table 5.2: (a) Low band, (b) High band.
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Chapter 6
CONCLUSIONS
Dual-frequency operation of rectangular patch antennas with slots has been 
investigated via the cavity model in conjunction with the multi-port theory. 
The theory presented in this thesis has some important advantages over other 
full-wave based techniques in achieving dual-frequency operation, which are 
the physical intuition, efficiency and ease to use in any optimization 
procedure. Moreover, the geometry considered in this thesis, patch antennas 
with slots, achieve saving in space, weight, material and cost, but other 
structures for the dual-band operation do not. Thus, single-element microstrip 
antennas are preferable due to their compactness in structure.
In this thesis, only the lowest useful modes (0,1) and (0,3) are considered 
for dual-frequency operation since they have the same polarization, radiation 
pattern and input impedance characteristics. First, the slots are modelled via 
the cavity model in Chapter 3. In a probe-fed microstrip antenna, x-oriented
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and y-oriented slots are modelled with a magnetic current in a cavity bounded 
by magnetic walls along the edge and by electric walls from above and below. 
Then the fields in the patch are computed using the modal-matching technique. 
The multi-port theory is also developed to investigate the effect of slots on the 
input impedance. The important prediction of the approach provided in this 
thesis is that slots decrease the (0,3) modal frequency if they are placed on the 
patch where the magnetic field of the (0,3) mode is maximum. However, for 
the slots placed as such, there is little or no effect on the (0 ,1) modal field 
structure. Therefore, the high-band frequency can be tuned independently over 
a wide range. The results obtained by the simulations are verified with the 
experimental results for several antennas. It is observed that the theoretical 
results agree with the experimental results for the resonant frequencies. 
However, for the input impedance, the trend of the impedance loci is predicted 
well, but there are some differences in the absolute values, which can be 
attributed to the magnetic current source model of the slots.
Using the theoretical results presented in Chapter 3, a genetic algorithm is 
developed in Chapter 5 for the optimization of coordinates and dimension of 
slots to get desired frequency and impedance values. A cost function is derived 
in terms of the impedance values for both bands, and the ratio of the high-band 
operation frequency to the low-band operation frequency. The theoretical 
results are also verified by the optimization results for some cases. Since the 
optimization algorithm takes a large percentage of time to complete the 
process due to a large number of computations in the implementation of the 
theory, the algorithm needs to be improved as a future work.
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APPENDIX A
Expressions for Edge Extension for 
Rectangular Patch Antenna
The following frequency-dependent formulas have been used for the edge 
extension A/ for rectangular patch antenna [45, 46, 47]. The patch antenna has 
the physical width a, the physical length b, the thickness t, dielectric constant 
e,, and the thickness of the strip conductor h. First, the effective dielectric 
constant as a function of frequency is computed using the following 
equation.
^eff ( / )  =  ■  l.(^r ■  ^eff (0 ) ) / ( l  +  ^ ) j  ( A ·
where Egff (o) is the static effective dielectric constant, (o) and P are given 
in the following equations.
1
■'eff (0) =
2 ^  + 1 + (e. -  i)g ]
(A.2)
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where
G = (l + 1 0 ? -  [(ln4/;r)· (/i · (a?)"‘'^)J
1
A = 1 + — In 
49
{a / tY  + a /(52?)^ 
{a /tY  +0.432
B = 0.564 exp[- 0.2/(e + 0.s)J
+ —*—ln[l + (a/18.1?)^] 
18.7
and
1.5763
with
f  = /;P,[(0.1844 + F , F j / J
= 0.27488 + |p.6315 + f).525/(l + 0.0157/_^)^“ jji 
-  0.065683 exp (-8.7513«)
= 0.33622[l -  ex p(- 0.03442eJJ 
P3 = 0.0363 exp(- A.6u){ -  exp !-(/„  /38.7^·®^]}
= 1 + 2.75 l{l -  exp[~ (e^  /15.916)^]}
/  = 47.713A:?, where k = 2 n ! X.
M = [a + {da -  a )Ie^ \lt
h
da -  a +
n
1 + ln
4 {^iTif
+
{alh + l . lY
(A.2a)
(A.2b)
(A.2c)
(A.3)
(A.3a)
(A.3b)
(A.3c)
(A.3d)
(A.3e)
(A.3f)
(A.3g)
Then the edge extension for the width a is computed using the following 
equation.
(A.4)
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where
t  =0.434907
=1 +
£ ^ , , ( / r ‘ +0.26 0,236
£eff { f V '  -  0.189 [a / + 0.87
2.358e + 1
0.5274arctan|o.067(o//)'
^ .a ( /) '
,0.9236
^4 = 1 + 0.0377 arctan[o.067(i/ / Jx [ 6 -5  exp{o.036(l -  
= 1 -  0.218 exp(-7 .5a/r).
(A.4a)
(A.4b)
(A.4c)
A.4d)
(A.4e)
Then the effective length of the patch antenna is /> + 2A l, where b is the 
physical length.
The effective width is obtained similarly by replacing a by ¿j in all above 
expressions.
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APPENDIX B
Impedance of Slot
The impedance of the slot can be approximately found using the Babinet's 
principle as shown in the following [48, 49].
V7 · Z = —
slot dipole (B.i)
where r) is the intrinsic impedance of the free space. The dipole is the 
complement of the slot. The input impedance of a short dipole shown in Fig. 
B.I.a consists of the series radiation resistance, the ohmic resistance, the 
inductance, and the capacitance as shown in Fig. B.l.b. The components of the 
equivalent circuit are expressed as follows [26].
R =r
SOn f
(B.2)
y ^  J
where I q is the magnitude of the current distribution, and M  is the moment of 
current distribution given by.
M = J l{z)dz. (B.2a)
-/
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21
R = ----- R
O S
2tiw
where R  ^ = / 2cr)'^^ is the surface resistance.
Lj = - ^ j L i z ] l ( z f d z
I'ol »
where L(z) = (/Wq / /i)ln(2z/ w) is the inductance per unit length.
=rVKr
/
= J c { z )d z with s v { z )
sf2
where C(z) = / ln(2z/ w) is the capacitance per unit length.
Then the input impedance of the short dipole is given by,
1
(B.3)
(B.4)
(B.5)
d^ipole -  +
t R.
(B.6)
j(oC^
Ro L(j
s t A
2Vo
21
V /
(a)
Figure B.l: Short dipole antenna: (a) Incremental dipole, (b) Equivalent circuit 
of (a).
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